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The Escherichia coli maltose-binding protein (MBP) R2 signal peptide is a truncated version of the wild-type
structure that still facilitates very efficient export of MBP to the periplasm. Among single amino acid
substitutions in the R2 signal peptide resulting in an export-defective precursor MBP (pMBP) were two that
replaced residues in the consensus Ala-X-Ala sequence (residues -3 to -1) that immediately precedes the
cleavage site. It was suggested that the functional hydrophobic core and signal peptidase recognition sequence
of this signal peptide substantially overlap and that these two alterations affect both pMBP translocation and
processing. In this study, the export of pMBP by the mutants, designated CC15 and CC17, with these two
alterations was investigated further. The pMBP of mutant CC17 has an Arg substituted for Leu at the -2
position. It was found that CC17 cells exported only a very small amount ofMBP, but that which was exported
appeared to be correctly processed. This result was consistent with other studies that have concluded that
virtually any amino acid can occupy the -2 position. For mutant CC15, which exhibits a fully Mal+ phenotype,
an Asp is substituted for the Ala at the -3 position. CC15 cells were found to export large quantities of
unprocessed, soluble pMBP to the periplasm, although such export was achieved in a relatively slow,
posttranslational manner. This result was also consistent with other studies that suggested that charged
residues are normally excluded from the -3 position of the cleavage site. Using in vitro oligonucleotide-directed
mutagenesis, we constructed a new signal sequence mutant in which Asp was substituted for Arg at the -3
position of an otherwise wild-type MBP signal peptide. This alteration had no apparent effect on pMBP
translocation across the cytoplasmic membrane, but processing by signal peptidase was inhibited. This pMBP
species with its full-length hydrophobic core remained anchored to the membrane, where it could still
participate in maltose uptake. The implications of these results for models of protein export are discussed.
Export of the maltose-binding protein (MBP) to the peri-
plasmic compartment of Escherichia coli cells is facilitated
by an amino-terminal signal peptide of 26 residues (4) that is
subsequently cleaved by the processing enzyme, signal
peptidase I (7). The R2 signal peptide is a somewhat trun-
cated version of the wild-type MBP signal peptide; it is 7
residues shorter and lacks one basic residue from the
hydrophilic segment (2). However, it can still mediate MBP
export to the periplasm with essentially the same efficiency
as that of the wild-type structure (2, 12). In the accompany-
ing article, Fikes et al. (12) described seven different single
amino acid substitutions in the R2 signal peptide that result
in an export-defective precursor MBP (pMBP). Each of
these alterations was believed to affect the properties of the
hydrophobic core. However, for two of the R2 signal se-
quence mutants, CC15 and CC17, residues within the con-
sensus Ala-X-Ala processing site (residues -3 to -1 with
respect to the cleavage site) were changed. It was suggested
that in the R2 signal peptide, the hydrophobic core and signal
peptidase recognition sequences substantially overlap (12).
Other studies have indicated that these normally represent
distinct regions within signal peptides (23, 32, 34, 35). Most
current models depend on the assumption that the hydro-
phobic core spans the membrane and that the signal
peptidase recognition sequence is exposed on the external
surface, where it is accessible to signal peptidase (10, 23, 25,
26, 29).
Cells of mutant CC17 produced large quantities of an MBP
species that migrated just above mature MBP (mMBP) on
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). In the pMBP, there was a substitution of Arg
for Leu at the -2 position of the R2 signal peptide. Although
such an alteration might not be expected to directly affect
processing (23, 31), it was suggested that this alteration
might have somewhat fortuitously uncovered a potential
Ala-X-Ala processing site representing residues 22 to 24 of
the signal peptide (-5 to -3 with respect to the normal
cleavage site) (12). For mutant CC15, Asp was substituted
for Ala at the -3 position of the R2 signal peptide. This
strain exhibited a fully Mal' phenotype, although very little
mMBP was detected. Since other studies have shown that
charged residues are not encountered in the -3 position (23,
31), it was suggested that CC15 cells export to the periplasm
functional pMBP that was not processed as a result of the
alteration in the cleavage site (12). In this study, the export
of MBP in mutants CC15 and CC17 was investigated in
greater detail. In addition, it also became of interest to
determine the effects of the Ala-to-Asp substitution at the - 3
position in an otherwise wild-type MBP signal peptide hav-
ing a full-length hydrophobic core. In vitro oligonucleotide-
directed mutagenesis was used to generate such a signal
sequence mutation, and the export and processing of pMBP
in the resultant mutant were examined.
MATERIALS AND METHODS
Bacterial strains and plasmids. All of the strains used in
this study are isogenic derivatives of the E. coli K-12 strain
MC4100, F- AlacUl69 araD139 rpsL150 thiflbBS301 deo-7
ptsF25 relAl (6), and most have been described previously:
MC4100 malE16-1 (4), CC15 and CC17 (12), and BAR1091
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(27). The last strain harbors the malEA312 mutation, an
in-frame, nonpolar deletion that removes DNA sequences
encoding residue 15 of the MBP signal peptide through
residue 159 of the mature protein. An MC4100 derivative,
designated GW6011, harboring a TnlO insertion in the lon
gene, lon-146: :TnlO (20), was kindly provided by C.
Dykstra, National Institute of Environmental Health Sci-
ences, Research Triangle Park, N.C. For use in this study,
the malBA224 deletion (30) was introduced into strain
GW6011 by P1 transduction by using standard genetic tech-
niques (21). Plasmid pZ152 (36) was provided by R.
Zagursky, E. I. du Pont de Nemours & Co., Wilmington,
Del., and plasmid pBAR1 has been described previously
(27).
Reagents. Minimal medium M63 supplemented with car-
bon source (0.2%) and thiamine (2 jig/ml), maltose
tetrazolium indicator agar, and TYE agar were prepared as
described previously (21). When required, ampicillin was
added to minimal and complex media at concentrations of 25
and 50 ,ug/ml, respectively. To induce malE genes under
lacUVS promoter-operator control, isopropyl-p-D-thio-
galactopyranoside (IPTG) was used on agar plates and in
liquid media at 1 and 5 mM, respectively. [35S]methionine
(translation grade; 1,154 Ci/mmol) was obtained from New
England Nuclear Corp. Rabbit anti-MBP serum has been
described previously (11). Electrophoresis reagents, restric-
tion enzymes, and T4 DNA ligase were purchased from
Bethesda Research Laboratories, Inc. Kodak XAR film was
obtained from Eastman Kodak Co.
Construction of plasmid pJF2. DNA of plasmids pZ152 and
pBAR1 was digested with restriction endonucleases PstI and
NdeI. By using standard DNA techniques (18), the 1.3-
kilobase restriction fragment from pZ152 and the 2.4-
kilobase fragment from pBAR1 were electroeluted from a
1% agarose gel, ligated, and used to transform competent
cells of strain BAR1091. Ampr transformants were purified
and tested for an IPTG-inducible Mal' phenotype on
maltose tetrazolium agar and for production of single-
stranded plasmid DNA upon infection with the helper
bacteriophage M13K07 (J. Vieira and J. Messing, Methods
Enzymol., in press), provided by D. Loeb, University of
North Carolina. The plasmid obtained in this manner was
designated pJF2.
Other plasmid constructions. To construct pJF2 deriva-
tives harboring the malE24-1 and malE19-1,24-1 alleles, we
used the in vitro oligonucleotide-directed mutagenesis pro-
cedure of Zoller and Smith (37). Mutagenic primers, ranging
in length from 19 to 27 nucleotides (depending on the
mutation), were prepared with an Applied Biosystems 380A
DNA synthesizer. Instead of mutagenizing a malE gene
cloned into a phage M13 vector, we used single-stranded
plasmid DNA, prepared as described by Zagursky and
Berman (36), as the template for all mutagenesis procedures.
Owing to the inefficiency of recovering plasmids harboring
the desired mutation, a phenotypic screen was used to
identify transformants harboring such plasmids. Thus, to
obtain the malE24-1 plasmid, an amber mutation was first
introduced into plasmid pJF2 at the position corresponding
to residue 23 of the MBP signal peptide. Transformants
harboring this mutant plasmid, designated pJF8, were iden-
tified by their Mal- phenotype on maltose tetrazolium agar.
Subsequently, single-stranded pJF8 plasmid DNA served as
the template for the construction of the malE24-1 mutant
plasmid. In this case, the mutagenic oligonucleotide simul-
taneously restored codon 23 to the wild type and changed
codon 24 from GCT (Ala) to GAT (Asp) (see Results). This
plasmid, designated pJF13, was identified on the basis of the
Mal+ phenotype it conferred upon transformation into strain
BAR1091 cells. Likewise, to obtain a pJF2 derivative har-
boring both the malE24-1 and mabII19-1 mutations, single-
stranded pJF13 DNA was used as template for oligonucleo-
tide-directed mutagenesis. A malEJ9-1,24-1 mutant plasmid,
designated pJF14, was identified by screening transformants
of BAR1091 cells for a Mal- phenotype. The malE signal
sequence coding regions of each of these plasmid constructs
were sequenced as described previously (14), to confirm the
presence of the desired signal sequence mutations.
The malEA116 deletion mutation carried on a derivative of
phage XapmalB13 (D. Collier and P. Bassford, manuscript in
preparation) was genetically recombined ontQ plasmids
pJF13 and pJF14, generating plasmids pJF24 and pJF25,
respectively. This was accomplished by the same method
previously described to recombine a signal sequence muta-
tion onto plasmid pBAR43 (27).
Pulse-chase, cell fractionation, and proteinase K accessibil-
ity experiments. Cells were induced for MBP synthesis by
growth in the presence of either maltose or IPTG for 45 min.
Pulse-chase experiments with [35S]methionine were per-
formed as previously described (28). Except when otherwise
indicated, the chase was terminated by a previously used
method that does not disrupt cellular integrity but prevents
further protein export and processing (1, 28). A miniversion
of the cold-osmotic-shock procedure of Neu and Heppel (22)
was used as described previously (11). Conversion of cells to
spheroplasts and proteinase K accessibility experiments also
were performed as described previously (1, 28). Sphero-
plasts were separated from periplasmic proteins by centrif-
ugation in a Fisher microcentrifuge for 2 min at 4°C. The
spheroplast pellet was suspended in 10 mM Tris (pH 7.5),
and both spheroplast-associated and periplasmic proteins
were precipitated with 5% trichloroacetic acid (final concen-
tration). Spheroplasts were lysed by four 15-s bursts with the
microtip of a model 300 Fisher sonic dismembrator set at
35% duty.
Immune precipitation, SDS-PAGE, and autoradiography.
MBP was immune precipitated from radiolabeled solubilized
cell extracts by procedures described previously (11). Im-
mune precipitates were resolved by SDS-PAGE and autora-
diography, also as described previously (15).
RESULTS
Localization of pMBP produced by mutant CC15. In deter-
mining whether unprocessed pMBP was being secreted into
the periplasm of mutant CC15 cells, several operational
criteria for defining periplasmic proteins were used. The first
of these was the cold-osmotic-shock procedure of Neu and
Heppel (22). Cells of strains MC4100 malE16-1 (control) and
CC15 in mid-log phase were pulse-labeled with [35S]me-
thionine for 15 s and chased for various periods in the
presence of excess unlabeled methionine. MBP was immune
precipitated fromr solubilized whole cells, shocked cells, and
periplasmic fractions and analyzed by SDS-PAGE and auto-
radiography.
For the control strain harboring the relatively weak signal
sequence mutation malE16-1, only radiolabeled pMBP was
detectable at the 1-min chase point, and none of this was
released from cells by osmotic shock (Fig. 1, top). Following
20 min of chase, approximately one-half of the MBP radio-
labeled during the pulse had been processed to mMBP, all of
which was shockable. Clearly, the pMBP seen at this time
point remained with the shocked cell fraction. The posttrans-
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lational nature of MBP export and processing in this mutant
had been established previously (28).
For mutant CC15, most of the radiolabeled pMBP was
associated with the shocked-cell fraction at the 1-min chase
point (Fig. 1, middle). However, in contrast to the situation
with the control cells, approximately 20% of the pMBP was
released by the shock procedure. After a 20-min chase
period, the majority of pMBP appeared in the periplasmic
fraction, indicating that most of the pMBP synthesized by
mutant CC15 was, in fact, export competent. A considerable
amount of mMBP and an intermediate MBP species migrat-
ing between mMBP and pMBP on SDS-PAGE also could be
discerned in the periplasmic fraction but not in the shocked-
cell fraction. Lesser amounts of these two MBP species were
seen in the corresponding whole-cell fraction, indicating that
their presumed production from proteolysis of the pMBP in
the periplasm was somewhat amplified by the shock proce-
dure. After 60 min of chase, significant amounts of these
MBP species had accumulated in the whole-cell fraction.
Additional evidence indicating that pMBP resided in the
periplasm in a soluble form was obtained by determining
whether the pMBP was released from spheroplasts prepared
from cells of strain CC15. Cells were pulse-labeled with
[35S]methionine for 15 s, chased in the presence of excess
unlabeled methionine for either 1 or 60 min, placed on ice,
and subsequently converted to spheroplasts (see Materials
and Methods). Essentially 100% of the radiolabeled pMBP
was released from CC15 cells converted to spheroplasts after
a 60-min chase period; somewhat less than half of the pMBP
was released after the 1-min chase (Fig. 2). In the same
experiment, it was found that essentially 100% of the radio-
labeled pMBP present at the 60-min chase point
(spheroplasts and supernatant combined) was accessible to
proteinase K digestion; likewise, the majority of pMBP was
inaccessible to proteinase K at the l-min chase point (Fig. 2).
As previously reported (1, 24, 28), sensitivity to proteinase
K was indicated by a decrease in the amount of pMBP,
accompanied by a reciprocal increase in the amount of
mMBP and an intermediate MBP species. The mMBP and
the intermediate species are normally highly resistant to
further degradation by a variety of proteases (9, 24). Again,
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FIG. 1. Cold-osmotic-shock localization ofMBP species in CC15
and CC17 cells. Glycerol-grown, maltose-induced cells were pulse-
labeled for 15 s with [35S]methionine and chased in the presence of
excess cold methionine. The chase was terminated at the time points
indicated above each set of lanes. MBP was immune precipitated
from solubilized whole-cell (W), shocked-cell (S), and periplasmic
(P) fractions prepared as described in Materials and Methods and
analyzed by SDS-PAGE and autoradiography. The upper and lower
arrows designate the positions of pMBP and mMBP, respectively.
Note that in all instances, mMBP was efficiently released into the
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FIG. 2. Spheroplast release and proteinase K accessibility of
MBP species in strain CC15 cells. Glycerol-grown, maltose-induced
cells were pulse-labeled with [35S]methionine for 15 s, chased in the
presence of excess cold methionine for the indicated times, and then
converted to spheroplasts. One-half of each spheroplast sample was
centrifuged to separate spheroplast-associated (Sp) and periplasmic
(P) proteins; each remaining portion, representing both intact
spheroplasts and periplasmic proteins, was subjected to treatment
with proteinase K (+K). For the control strain, MC4100 malE16-1,
periplasmic proteins were not separated from spheroplasts (Sp').
MBP was immune precipitated from solubilized samples and un-
treated whole-cell controls (W) and analyzed by SDS-PAGE and
autoradiography. Note that proteinase K accessibility is demon-
strated by a decrease in pMBP, with a corresponding increase in
lower-molecular-weight forms of MBP (see text).
strain MC4100 malE16-1 served as the control for these
experiments. Consistent with previous findings (28), the
great majority of radiolabeled pMBP was not released from
spheroplasts and was not sensitive to proteinase K digestion
in spheroplasts, except for a small amount that probably was
released into the medium as a result of a low level of
spheroplast lysis.
Localization of MBP produced by mutant CCl7. The same
experimental approaches were used to determine the loca-
tion of the MBP species produced by mnutant CC17. None of
the pMBP produced by this mutant was released from cells
by osmotic shock at any chase point (Fig. 1, bottom). As
expected, the small amount of mMBP detected only at the
three later chase points (lower arrow) was shockable. In
addition, it appeared that a small amount of the MBP species
migrating just above mMBP on SDS-PAGE was released.
The great majority of this MBP species, however, remained
in the shocked-cell fraction, strongly suggesting that this
MBP species did not arise from aberrant pMBP processing
by signal peptidase. Note that by the 60-min chase point,
virtually all of the pMBP synthesized had been converited to
this intermediate MBP species, save for the small amount of
mMBP that was exported to the periplasm. Experiments
with spheroplasts prepared from cells of strain CC17 also
indicate that the only MBP species that is periplasmic is that
which migrated as bona fide mMBP (data not presented).
Construction of malE24-1 signal sequence mutant. From the
above results, it was apparent that cells of mutant CC15
were exporting unprocessed pMBP to the periplasm. The
lack of processing undoubtedly resulted from the substitu-
tion of Asp for Ala at residue 24 of the signal peptide.
However, the parental R2 signal peptide includes two addi-
tional alterations that distinguish it from the wild-type MBP
signal peptide and that could be important factors in deter-
mining the final cellular location of this protein (see Discus-
sion). Hence, it was of interest to learn the effect on MBP
export of the Asp-for-Ala substitution at residue 24 in an
otherwise wild-type signal peptide. It seemed highly unlikely
that the mutation responsible for the alteration at residue 24
could be independently recombined into a wild-type malE
gene, since it was separated from the malEA12-18 deletion
by only a few base pairs (12). Instead, the desired mutation,
designated malE24-1, was introduced into the wild-type
J. BACTERIOL.






FIG. 3. Construction of plasmid pJF2. DNA of plasmids pZ152
harboring the phage M13 intergenic region (Ig region) and pBARi in
which the malE gene is under lacUVS promoter-operator control
was digested with restriction endonucleases PstI and NdeI. Follow-
ing DNA fragment isolation, the smaller PstI-NdeI fragment from
pZ152 was ligated to the larger PstI-NdeI fragment from pBAR1.
This mixture was used to transform strain BAR1091. Ampr trans-
formants were tested for an IPTG-inducible Mal' phenotype and the
ability to produce single-stranded plasmid DNA in the presence of
an M13-derived helper phage. See text for additional details and
references.
malE gene in vitro by using the technique of oligonucleotide-
directed mutagenesis.
Plasmid pBAR1 carries an intact wild-type malE gene
under regulatory control of the lacUVS promoter-operator
(27). The intergenic region of phage M13 was introduced into
pBAR1 as illustrated in Fig. 3, generating plasmid pJF2.
Following phage M13 infection of cells harboring pJF2,
plasmid DNA replication switches to the phage mode, and
single-stranded plasmid DNA is packaged into phage parti-
cles that bud from the cell (36). This provided a convenient
source of single-stranded template malE DNA for mutagen-
esis. Using the oligonucleotide-directed mutagenesis proto-
col of Zoller and Smith (37; see Materials and Methods), we
converted codon 24 of the malE signal peptide-coding region
on plasmid pJF2 from GCT (Ala) to GAT (Asp); the plasmid
harboring this malE24-1 mutation was designated pJF13.
Beginning, with plasmid pJF13, we constructed a second
plasmid, designated pJF14, that included both the malE24-1
and malEI9-1 mutations. The malEJ9-1 mutation substitutes
Arg for Met at residue 19 of the signal peptide, resulting in a
strong block in MBP export (4, 11). It was expected that the
malE19-1,24-1 product would accumulate as pMBP in the
cytoplasm; this latter plasmid was constructed to serve as a
control in experiments designed to study the localization of
the malE24-1 product.
Localization of the malE24-1 product. In the presence of
IPTG (to induce expression of the lacUV5 promoter), strain
BAR1091 (malEA312 on the chromosome) harboring plasmid
pJF13 (malE24-1) was found to exhibit a fully Mal' pheno-
type on maltose tetrazolium indicator agar. Cells were
induced with IPTG for 45 min, pulse-labeled with [35S]methi-
onine for 15 s, and chased in the presence of excess
unlabeled methionine for 1, 20, or 60 min. MBP was precip-
itated from solubilized whole cells, shocked cells, and peni-
plasmic fractions and analyzed by SDS-PAGE and autora-
diography (Fig. 4). The MBP was encountered in its precur-
sor form at all three chase points, and, in contrast to results
described above obtained with strain CC15, very little pMBP
was released from cells by the shock procedure. Very small
amounts of two MBP species migrating similarly to mMBP
were detected in periplasmic fractions at each chase point.
These probably represent products ofpMBP proteolysis that
was somehow stimulated by the osmotic-shock procedure,
since only minute quantities of mMBP could be detected
in the corresponding whole cells that were not subjected to
this procedure. Strain BAR1091 harboring plasmid pJF14
(malEJ9-1,24-1) remained phenotypically Mal- in the pres-
ence of IPTG. The pMBP produced by this strain also was
not released from cells by osmotic shock (Fig. 4). Note that
the malEJ9-1,24-1 product migrated more slowly on SDS-
PAGE than the malE24-1 product did, presumably an indi-
cation of the extra charged residue in the signal peptide of
the former.
Cells of the malE24-1 strain were pulse-labeled for 15 s
with [35S]methionine, chased for 20 min with unlabeled
methionine, and then converted to spheroplasts. Although
the very small amount of mMBP present was efficiently
released into the supematant, indicating a periplasmic loca-
tion, only a trace amount of intact pMBP was released,
probably as a result of some spheroplast lysis (Fig. 5). When
spheroplasts were treated with proteinase K, the great
majority of the pMBP proved to be resistant to proteolysis.
When spheroplasts were first disrupted by sonication, the
great majority of pMBP was sensitive to proteinase K
digestion, as indicated by conversion to lower-molecular-
weight forms. The pMBP produced by cells of the malEJ9-
1,24-1 double mutant was sensitive to proteolysis only in
sonicated spheroplasts (data not shown).
Effect of a mutation that renders the mMBP protease
sensitive. The above data on localization of the malE24-1
product indicate that this pMBP is at best only inefficiently
exported to the periplasmic compartment. This conclusion
was inconsistent with the Mal' phenotype of this mutant;
thus, the possibility that the MBP was efficiently exported to
the periplasm but, owing to the lack of processing, was
tethered to the cytoplasmic membrane by its signal peptide
was addressed. The pMBP anchored to the cytoplasmic
membrane in this manner might not be readily sensitive to
proteinase K digestion, since its mMBP moiety is intrinsi-
cally protease resistant and the signal peptide, which should
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FIG. 4. Cold-osmotic-shock localization of the malE24-1 and
malEl9-1,24-1 products. Cells were grown and treated as described
in the legend to Fig. 1, except that MBP synthesis was induced by
the addition of IPTG. For each chase point indicated, MBP was
precipitated from solubilized whole-cell (W), shocked-cell (S), and
periplasmic (P) fractions and analyzed by SDS-PAGE and autora-
diography. The arrow indicates the position of mMBP.
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FIG. 5. Spheroplast release and proteinase K accessibility of the
malE24-1 product. Glycerol-grown, IPTG-induced cells were pulse-
labeled with [35S]methionine for 15 s, chased in the presence of
excess cold methionine for 20 min, and then converted to
spheroplasts. Spheroplasts were pelleted to separate spheroplast-
associated (Sp) and periplasmic (P) proteins and then were either
subjected to proteinase K treatment (+K) or not treated (-K).
Unfractionated spheroplasts (Sp') and sonicated spheroplasts (Son)
were also treated with proteinase K. MBP was immune precipitated
from solubilized samples or untreated whole-cell control (W) and
analyzed by SDS-PAGE and autoradiography. The upper and lower
arrows designate the positions of pMBP and mMBP, respectively.
See text for additional experimental details.
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FIG. 7. Turnover of malE24-1,4116 and malE19-1,24-1,4116
products in Lon' and Lon- cells. Glycerol-grown, IPTG-induced
cells were pulse-labeled for 15 s with [35S]methionine and chased in
the presence of excess cold methionine for the indicated times. In
these experimnents, the chase was terminated by the addition of an
equal volume of ice-cold 10% trichloroacetic acid. The trichloroace-
tic acid precipitates were solubilized, and the MBP was immune
precipitated and analyzed by SDS-PAGE and autoradiography. See
text for additional experimental details.
be sensitive, is buried in the membrane. A small in-frame
deletion mutation, designated malEAJ16, was genetically
recombined into plasmids pJF13 and pJF14 (see Materials
and Methods). This deletion removes residues 142 to 150
from the mMBP, resulting in a mature MBP species that,
while inactive in maltose transport, remnains fully export
competent and exhibits sensitivity to proteinase K (Collier
and Bassford, in preparation).
When the accessibility of the malE24-1,A116 product to
proteinase K digestion in spheroplasts was investigated, it
was found that approximately 80% of the pMBP was prote-
ase sensitive (Fig. 6, bottom). About 20% of the pMBP
remained protease resistant, even if the spheroplasts were
disrupted by sonication. In this case, protease sensitivity
was indicated by a decrease in the total MBP precipitated
from solubilized extracts. This was due to degradation of the
mature MBP moiety. It is important that identical results
were obtained if cells were pulse-labeled with [35S]me-
thionine for 15 s and chased for 1, 10, or 20 min. The
accessibility of the malE19-1,24-1,A116 product to protein-
ase K digestion in spheroplasts was also tested. This protein
was sensitive to proteolysis only in lysed spheroplasts (Fig.
6, top), indicating that this pMBP species was, indeed,
translocation defective.
Stability of MBP A116 derivatives in a Ion mutant. An
additional experiment clearly demonstrates that the pMBP
-K _ K-






FIG. 6. Spheroplast release and proteinase K accessibility of
thalE24-1,A116 and maIEl9-1,24-1,A116 products. Experimental
conditions and designations are identical to those given in the legend
to Fig. 5, except that the cold-methionine chase period for the
experiment shown was 10 min. Identical results were obtained with
chase periods of either 1 or 20 min. The arrow indicates the position
of pMBP. See text for additional experimental details.
encoded by malE24-1,J116 resides in a different cellular
compartment from the export-defective malE19-1,24-1,A116
product. When the malE gene harbored the A116 deletion,
the MBP product produced was found to be inherently
unstable. In pulse-chase studies, turnover of the malE24-
1,A116 arid malE19-1,24-1,A116 products was observed in
intact cells of strain BAR1091; in each instance, less than
10% of the pMBP radiolabeled during the pulse remained
after a 60-min chase period (Fig. 7, top). Interestingly, the
turnover kinetics of the two pMBP species were very
similar, which would suggest that these proteins are situated
such that they are accessible to the same cellular protease
activities. We analyzed the stability of these same pMBP
species in cells of strain BAR1091 into which the lon-146
allele had been introduced. An E. coli strain harboring this
lon mutation is deficient in a cytoplasmic ATP-dependent
protease that is thought to catalyze the rate-limiting step in
the breakdown of abnormal proteins in vivo (13). It was
found that the malE19-1,24-1,A116 product, but clearly not
the malE24-1,A116 product, was significantly stabilized in
lon cells (Fig. 7, bottom). Degradation of the latter may be
mediated by one of several protease activities known to
reside in the periplasm and outer memhbrane of E. coli (13).
Synthesis of the maLE24-1 product is deleterious to the cell.
Although strain BAR1091 harboring plasmid pJF13 (malE24-
1) exhibited a fully Mal' phehotype on maltose tetrazolium
indicator agar in the presence of IPTG, it was observed that
after 24 h of incubation at 370C, colonies were significantly
smaller than those of the same strain harboring either
plasmid pJF2 (malE+) or pJF14 (malE19-1,24-1). Similar
results were obtained on glycerol-minimal agar plates, but
only if IPTG was present. When IPTG was omitted, all three
plasmid-bearing strains formed colonies of similar size. To
investigate this phenomenon further, cells of strain
BAR1O91(pJF13) were cultured to early log phase in glycerol
minimal liquid medium at 37°C and induced with IPTG, and
growth was monitored by determining CFU at 45-min inter-
vals (Fig. 8). Although growth appeared normal for the first
90 min postinduction, no further increase in CFU could be
discerned beyond this point. When examined by phase-
contrast microscopy at 360 mirl postinduction, the cells were
generally larger than normal and quite pleiomorphic in
appearance. However, filamentous forms were not seen. In
contrast to these results, no growth defect was detected in
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FIG. 8. Effect of synthesis of the malE24-1 product on cell
viability. Cells were grown at 37°C with vigorous aeration to mid-log
phase in glycerol minimal medium containing 25 ,ug of ampicillin per
ml and then diluted to an optical density at 600 nm of 0.04 in fresh
medium. At 90 min later, synthesis of the malE24-1 product (0) and
the malE19-1,24-1 product (A) was induced with IPTG. An
uninduced culture of the malE24-1 mutant was also monitored (a).
At 45-min intervals, the number of viable cells present in each
culture was determined by duplicate plating of appropriate dilutions
on TYE agar containing 50 ,ug of ampicillin per ml. CFU were
determined following 24 h of incubation at 37°C.
same strain harboring plasmid pJF14 that had been induced
with IPTG for the same period (Fig. 8).
DISCUSSION
The evidence presented in this study demonstrates that
unprocessed pMBP is exported to the periplasm of cells of
strain CC15 and apparently resides there in a soluble form.
Unlike for other MBP signal sequence mutants, the pMBP
was readily released from cells subjected to osmotic shock.
In addition, when cells were converted to spheroplasts, the
pMBP was released and not protected from proteinase K
digestion. Thus, strain CC15 represents the first malE signal
sequence mutant encountered that accumulates pMBP that
could be assigned to the periplasm by the appropriate
criteria. Likewise, this is the first instance in which pMBP
processing could not be used as an indicator of MBP export.
Boyd et al. (5) have recently reported that certain E. coli
phoA mutants export alkaline phosphatase to the periplasm
in an unprocessed precursor form. These mutants were
obtained as PhoA+ revertants of a frameshift mutation
within the phoA gene that altered the pre-PhoA processing
site; the signal peptides of the unprocessed pre-PhoA ex-
ported by these revertants are significantly altered from the
wild-type sequence.
The absence of pMBP processing in mutant CC15 un-
doubtedly resulted from the substitution of Asp for Ala at
residue 24 of the R2 signal peptide (-3 with respect to the
cleavage site). Several comparative studies of procaryotic
and eucaryotic signal peptides have shown that charged
residues are virtually absent from both the -1 and -3
positions, with Ala being the preferred amino acid in both
instances (23, 31-33). The results reported here demonstrate
that a charged residue in the -3 position is, indeed, incom-
patible with processing by signal peptidase. Kuhn and
Wickner (17) reported that the introduction of a Phe residue
into the -3 position of the phage M13 procoat also inhibits
processing by signal peptidase. Bulky aromatic residues also
appear to be normally excluded from this position of the
processing site.
In addition to inhibiting processing, the signal peptide
alteration in mutant CC15 had an adverse effect on the
kinetics of MBP export to the periplasm. For both the
wild-type MBP and MBP having the parental R2 signal
peptide, mMBP appears in the periplasm very soon after
being synthesized (1, 2, 12, 16, 28). In contrast, for mutant
CC15, most of the pMBP radiolabeled with [35S]methionine
during a 15-s pulse was not translocated to the periplasm
within a 1-min chase period, although the great majority of
pMBP eventually was localized to the periplasm after 60 min
of chase. A relatively slow posttranslational mode of MBP
export has been described previously for a number of malE
signal sequence mutants, in which a charged residue is
placed into the hydrophobic core (28). The demonstration
that the CC15 pMBP also is defective in a step prior to
processing, i.e., translocation, was expected, since the se-
lection procedure used to isolate this mutant required that
the export efficiency of the MBP be adversely affected (3,
12). In addition, the finding that the alteration at residue 24 of
the R2 signal peptide affects both translocation and process-
ing further supports the contention made in the accompany-
ing article (12) that the functional hydrophobic core of the R2
signal peptide significantly overlaps the signal peptidase
recognition sequence.
With regard to mutant CC17, the evidence indicates that
the major MBP species produced by cells of this strain,
migrating just above mMBP on SDS-PAGE, is not exported
to the periplasm. Therefore, it must not have been produced
as a result of aberrant processing at what appeared to be a
potential Ala-X-Ala cleavage site represented by residues 22
to 24 (12). Instead, it must result from proteolytic degrada-
tion of the pMBP that accumulates in the cytoplasm, as has
been observed for a number of MBP signal sequence mu-
tants (2, 3, 12). The small amount of MBP that was exported
by this mutant appeared to be correctly processed, which
would be consistent with the conclusion that the -2 residue
can be any amino acid (23, 31). Also, it was previously found
that efficient suppression of the malE signal sequence muta-
tion in strain CC17 by the prlA402 allele results in the
enhanced production of what appears to be bona fide mMBP
(12). This result would not have been expected if the
substitution of Arg for Leu at residue 25 had affected
cleavage specificity. Thus, this alteration, introducing a
charged residue into the hydrophobic core of the R2 signal
peptide, has a major effect on MBP export efficiency but, by
virtue of its position, does not affect the overlapping signal
peptidase recognition sequence.
The export of unprocessed pMBP to the periplasm by cells
of mutant CC15 is intriguing when current models of protein
export in bacteria are considered (see recent reviews by
Silhavy et al. [29], Randall and Hardy [25, 26], and Duffaud
et al. [10]). For a periplasmic protein such as the MBP,
several models predict that the newly translocated mature
moiety would remain anchored to the cytoplasmic mem-
brane by the signal peptide and that processing would then
be required to release the mature protein from the mem-
brane. Indeed, it was recently demonstrated that in the
absence of the processing enzyme, the precursors of a
number of exported proteins, including the pMBP, accumu-
late at the external surface of the cytoplasmic membrane (7).
To account for translocation of pMBP entirely across the
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cytoplasmic membrane of mutant CC15 cells, one possible
explanation is as follows. Although the signal peptide of this
pMBP is considerably less hydrophobic than that of the
wild-type pMBP (2), the core region retains sufficient hydro-
phobicity to facilitate protein export, albeit in a relatively
inefficient, posttranslational manner. Once pMBP export has
been achieved, however, the hydrophobic character of this
signal peptide is insufficient to serve as a membrane anchor,
with the result that the unprocessed pMBP is released into
the periplasm.
To investigate this further, we constructed an E. coli
malE24-1 mutant in which Asp was substituted for Ala at
residue 24 of an otherwise wild-type MBP signal peptide. As
was the case with mutant CC15, the malE24-1 strain exhib-
ited a fully Mal' phenotype and the great majority of pMBP
synthesized was exported but not processed. However, in
contrast to the results obtained with mutant CC15, two
important differences were noted in the export of pMBP in
the malE24-1 mutant. First, the alteration in the pMBP
cleavage site of the malE24-1 mutant had not significantly
affected the export kinetics of this protein. This is further
evidence that in the wild-type signal peptide, the hydropho-
bic core and the signal peptidase recognition sequence are
distinct, nonoverlapping regions. Second, the data clearly
indicate that the malE24-1 product is not freely soluble in the
periplasm but rather is firmly membrane bound. In this
mutant, the signal peptide includes a stretch of 15 hydropho-
bic and neutral residues that is not interrupted by a charged
amino acid (residues 9 to 23 [12]). According to a recent
study by Davis and Model (8), this would be very close to the
minimal structure that could serve as an anchor domain. The
finding that the unprocessed signal peptide does anchor the
MBP to the membrane provides additional support for
models of protein export in which the signal peptide does not
precede the mature moiety across the membrane but rather
remains membrane associated throughout the transfer pro-
cess.
The Mal' phenotype of both the CC15 and malE24-1
mutants strongly suggests that the periplasmic pMBP, be it
soluble or membrane bound, functions in maltose transport.
For strain CC15, pulse-chase studies revealed that some
MBP was produced that migrated on SDS-PAGE similarly to
mMBP, as well as an intermediate MBP species that mi-
grated to a position between the precursor and mature
forms. It seems unlikely that these smaller MBP species
resulted from cleavage by the normal processing enzyme;
rather, they probably arose from nonspecific proteolytic
degradation of the protease-sensitive signal peptide follow-
ing the arrival of the pMBP in the periplasm. Since only a
relatively small amount of mMBP is required to effect
near-normal rates of maltose transport (19), it could be that
these smaller MBP species are primarily responsible for the
ability of strain CC15 to utilize maltose as a carbon source.
In comparison with strain CC15, the production of smaller
MBP species from pMBP by cells of the malE24-1 mutant
was considerably reduced. After 60 min of chase following a
15-s pulse with [35S]methionine, only a very small quantity of
radiolabeled MBP migrating similarly to the mature form
could be detected in whole cells and periplasmic fractions.
Furthermore, the great majority ofpMBP was even resistant
to proteolysis when cells were converted to spheroplasts and
incubated with proteinase K. The signal peptide was most
probably effectively shielded from proteolytic attack be-
cause of its membrane association. Since so little mMBP was
detected, it seems clear that the membrane-anchored pMBP
was actively involved in maltose uptake. In preliminary
experiments, it has been found that cells of the malE24-1
strain transported ['4C]maltose more efficiently than did cells
of several other malE signal sequence mutants which ex-
ported significantly greater amounts of mMBP to the peri-
plasm (J. D. Fikes, unpublished observations). The partici-
pation of membrane-anchored pMBP in maltose uptake and
chemotaxis will be investigated further.
Finally, in this study, we found that synthesis of the
malE24-1 product induced by IPTG results in an inhibition in
cell growth. This effect was specific for the synthesis of this
membrane-bound pMBP species, since synthesis of export-
defective pMBP encoded by malEJ9-1,24-1 or the soluble
pMBP produced by mutant CC15 did not inhibit cell growth.
It could be that growth inhibition is simply the consequence
of overproduction of a membrane protein encoded on a
multicopy plasmid vector. However, recently, the malE24-1
mutation was genetically recombined into a wild-type chro-
mosomal malE gene under the regulatory control of the
malEFG promoter. A similar inhibition in cell growth was
observed when cells were induced by growth in the presence
of maltose (J. D. Fikes, unpublished observations). An
alternative explanation is that the accumulation of an un-
processed precursor protein in the cytoplasmic membrane
results in a generalized defect in protein export. Experi-
ments designed to test this and other possibilities are cur-
rently in progress.
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